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Abstract
We propose a model where Dirac neutrino mass is obtained from small vacuum expectation value
(VEV) of neutrino-specific Higgs doublet without fine-tuning problem. The small VEV results from
a seesaw-like formula with the high energy scale identified as the Peccei-Quinn (PQ) symmetry
breaking scale. Axion can be introduced a` la KSVZ or DFSZ. The model suggests neutrino mass,
solution to the strong CP problem, and dark matter may be mutually interconnected.
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I. INTRODUCTION
Neutrino mass, strong CP problem, and the existence of dark matter are some hints that
call for new physics (NP) beyond the standard model (SM). In this paper we consider a
new physics (NP) model which can address these three problems simultaneously without
fine-tuning.
Neutrino mass can be generated in neutrino-specific two Higgs doublet model (νTHDM)
where one Higgs doublet Φ1 with VEV v1(∼ 1 eV) couples only to lepton doublet and right-
handed neutrinos and the other Higgs doublet Φ2 with VEV v2(= 246 GeV) couples to all
the other quarks and charged-leptons [1–3]. We assume a global U(1)X symmetry under
which νR and Φ1 are charged. The symmetry prohibits the mass term for the right-handed
neutrinos. Therefore the neutrino gets only Dirac mass term and its Yukawa coupling can
be of order one. The tiny VEV v1 necessary to explain neutrino mass can be generated by
seesaw-like relation in which the high-energy scale is the electroweak scale [2, 3]. The scalar
S which is a SM-singlet but charged under U(1)X breaks the global symmetry spontaneously,
and can couple to an electroweak-scale WIMP dark matter which is stabilized by a remnant
discrete symmetry [3, 4].
In this paper we consider a scenario in which the VEV vS of S and the mass scale of Φ1
is lifted to a very large scale ∼ 1012 GeV. The neutrino mass is generated by a mechanism
shown in Figure 1. The diagram generates a VEV v1, which can be written as
v1 ≈
√
2µv2vS
m211
, (1)
where v2 = 246 GeV, vS ∼ m11 ∼ O(1012) GeV, m11 being the mass scale of Φ1. We extend
the model to incorporate axions so as to solve the strong CP problem and dark matter
candidate. In this case the U(1)X is identified with the the Peccei-Quinn (PQ) symmetry
U(1)PQ, and after S getting VEV the Nambu-Goldstone boson becomes an axion. Therefore
the neutrino mass and the axion are connected by the scalar S. Since m11 ∼ O(1012) GeV,
the low energy constraints such as collider searches and charged lepton number violating
processes are irrelevant. Since the axion is also a good cold dark matter candidate, the
scenario also solves the dark matter problem with the axion as a cold dark matter. Symmetry
arguments show that the hierarchy v1(∼ O(1 eV)) v2(' 246 GeV) vS(∼ O(1012 GeV))
is technically natural.
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Scalar Fields Fermions
Φ1 Φ2 S uRi dRi eRi νRi
SU(3)C 1 1 1 3 3 1 1
SU(2)L 2 2 1 1 1 1 1
U(1)Y
1
2
1
2 0
2
3 −13 −1 0
U(1)X X1 X2 XS XuR XdR XeR XνR
TABLE I. Scalar fields and a new fermion with their charge assignments under the SM and U(1)X .
The νTHDM on its own does not provide an axion candidate. We make the Nambu-
Goldstone boson coming from the spontaneous breaking of the U(1)X in the model of [3] an
axion by introducing either heavy vector-like quarks ΨL,R (KSVZ-type axion) or additional
Higgs doublet (DFSZ-type axion). It turns out that the phenomenology of the axion in the
model is very close to that of original KSVZ [5, 6] and DFSZ [7, 8] axion models, respectively.
There are many attempts to connect axion and neutrino mass in the literature [9–17].
The paper is organized as follows. In Section II, we briefly review the U(1)X model
studied in [3] with vS lifted to PQ breaking scale and show that the large hierarchy among
the disparate scales is technically natural. In Section III, the model is extended so that
the KSVZ-type or the DFSZ-type axion is introduced. The phenomenology of the axion is
outlined. In Section IV, we conclude the paper.
II. THE MODEL
We briefly recapitulate the model considered in [3] before discussing the VEVs and their
naturalness. The scalar fields and a new fermion with their charge assignments under the
SM and U(1)X are shown in Table I.
The Yukawa interactions consistent with the SM gauge symmetry and the U(1)X sym-
metry are written as
L = −yuijQLiΦ˜2uRj − ydijQLiΦ2dRj − yeijLLiΦ2eRj − yνijLLiΦ˜1νRj + yΨΨLSΨR + h.c., (2)
3
where i, j = 1, 2, 3 are generation indices. The scalar potential is given in the form
V = +m211Φ
†
1Φ1 −m222Φ†2Φ2 −m2SSS†S − (µΦ†1Φ2S + h.c)
+ λ1(Φ
†
1Φ1)
2 + λ2(Φ
†
2Φ2)
2 + λ3(Φ
†
1Φ1)(Φ
†
2Φ2) + λ4(Φ
†
1Φ2)(Φ
†
2Φ1)
+ λS(S
†S)2 + λ1S(Φ
†
1Φ1)(S
†S) + λ2S(Φ
†
2Φ2)(S
†S). (3)
Note that the sign in front of m211 is “+”. We assume m
2
11 > 0, m
2
22 > 0, and m
2
SS > 0. We
can decompose the scalars as
Φ1 =
 φ+1
1√
2
(v1 + h1 + ia1)
 , Φ2 =
 φ+2
1√
2
(v2 + h2 + ia2)
 , S = 1√
2
(vS + hS + iaS). (4)
For the vacuum stability we impose the copositivity condition [18]:
λ1 > 0, λ2 > 0, λS > 0,
λ˜12 ≡ 1
2
(λ3 + λ4) +
√
λ1λ2 > 0,
λ˜1S ≡ 1
2
λ1S +
√
λ1λS > 0,
λ˜2S ≡ 1
2
λ2S +
√
λ2λS > 0,√
λ1λ2λ3 +
1
2
(λ3 + λ4)
√
λS +
1
2
λ1S
√
λ2 +
1
2
λ2S
√
λ1 +
√
2λ˜12λ˜1Sλ˜2S > 0. (5)
The conditions in (5) are automatically satisfied when all the λ’s are positive, which we
assume in this paper. The minimization conditions for the potential along the direction of
neutral fields h1, h2, and hS are
+ 2m211v1 + 2λ1v
3
1 + v1(λ1Sv
2
S + λ3v
2
2 + λ4v
2
2)−
√
2µv2vS = 0, (6)
− 2m222v2 + 2λ2v32 + v2(λ2Sv2S + λ3v21 + λ4v21)−
√
2µv1vS = 0, (7)
− 2m2SSvS + 2λSv3S + vS(λ1Sv21 + λ2Sv22)−
√
2µv1v2 = 0. (8)
From the above coupled equations we solve for VEVs: vS, v2, and v1. The solution consistent
with our assumption, vS  v2  v1, is given approximately by
vS ≈ mSS√
λS
,
v2 ≈
√
2m222 − λ2Sv2S
2λ2
. (9)
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To ensure small v1, we make an additional assumption,
λ1Sv
2
S + (λ3 + λ4)v
2
2 + 2m
2
11 > 0, (10)
which can be easily satisfied since m211 ∼ O(1012 GeV)2 dominates the left hand side of
the inequality. If µ = 0, the only solution for (6) is v1 = 0. For µ 6= 0, the solution is
proportional to µ and is obtained in a good approximation to be
v1 ≈
√
2µv2vS
λ1Sv2S + (λ3 + λ4)v
2
2 + 2m
2
11
≈
√
2µv2vS
2m211
, (11)
where the last relation follows because m211  |λ1S|v2S  |λ3 + λ4|v22. As we mentioned in
Section I, we require v1 ∼ O(1 eV) to explain small neutrino mass. We can easily achieve
this by taking, for example, µ ∼ 1 GeV, when m11 ∼ vS ∼ 1012 GeV. The Feynman diagram
for the neutrino mass is shown in Figure 1. The red (black) arrows represent the flow of
U(1)X (lepton number) current. We can see the neutrino mass is effectively given by
mνij ∼ yνij
µv2vS
m211
, (12)
from which we can check v1 is the form in (11).
LLiνRj
yνij
〈Φ02〉 〈S〉
µ∗
Φ1
FIG. 1. Feynman diagram for the neutrino mass generation. The red (black) arrows represent the
flow of U(1)X (lepton number) current.
The superheavy Φ1 makes the model escape the collider and other low energy bound
easily. It is noted that Φ1 is superheavy but its VEV is tiny. The bottomline is that the
main contribution to the masses of Φ1 components come from the bare mass term m
2
11,
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which makes them superheavy, while v1 generated by the diagram shown in Figure 1 can
remain tiny. The small µ which makes v1 tiny is technically natural because the symmetry
of the Lagrangian (3) is enhanced in the µ→ 0 limit [3]. This can be seen also from the RG
equation for µ,
dµ(Q)
d logQ
=
1
8pi2
µ (λ1S + λ2S + λ3 + 2λ4) , (13)
which shows that µ = 0 is a fixed point, making small µ remain small under the change of
scale.
We also need to address the large hierarchy between the electroweak scale and the PQ-
breaking scale. The large hierarchy may cause naturalness problem by generating quadratic
divergence in the quantum corrections of Higgs mass. A solution to this problem comes from
Poincare´ protection [19]. We adopt their paradigm by taking
λ2S . O
(
m2H
m2S
)
∼ 10−20
( mH
100 GeV
)2(1012 GeV
mS
)2
. (14)
We also take λ1S with similar size. Sending (λ1S, λ2S) → (0, 0), the Poincare´ symmetry is
enhanced, making the small (λ1S, λ2S) technically natural [19]. We can also check this from
the renormalization group running of λ1S and λ2S, which is given by,
dλ1S(Q)
d logQ
=
1
8pi2
[
2λ1S(λ1S + 3λ1 + 2λS) + λ2S(2λ3 + λ4)
]
,
dλ2S(Q)
d logQ
=
1
8pi2
[
2λ2S(λ2S + 3λ2 + 2λS) + λ1S(2λ3 + λ4)
]
, (15)
which reveals (λ1S, λ2S) = (0, 0) is a fixed point.
III. AXIONS
Since the VEV vS can be naturally O(1012) GeV, we may identify this scale as the
breaking scale of the PQ symmetry. By promoting the U(1)X symmetry to PQ symmetry,
we can introduce axion to solve the strong CP problem. The Nambu-Goldstone boson a of
U(1)X appears as
Φ1 =
v1√
2
eiaX1/vPQ
0
1
 , Φ2 = v2√
2
eiaX2/vPQ
0
1
 , S = vS√
2
eiaXS/vPQ , (16)
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KSVZ DFSZ
ΨL ΨR Φu Φd
SU(3)C 3 3 1 1
SU(2)L 1 1 2 2
U(1)Y eΨ eΨ
1
2
1
2
U(1)PQ 0 XΨR Xu Xd
TABLE II. Charge assignments to the new fields for KSVZ- and DFSZ-type axion.
where X1, X2, and XS are their PQ charges. We take the normalization XS ≡ 1. The µ
term in (3) dictates
−X1 +X2 +XS = 0. (17)
Since a should not mix with the Z-boson, we get a condition
X1v
2
1 +X2v
2
2 = 0. (18)
Then we get
X1 = cos
2 βν , X2 = − sin2 βν , (19)
where βν is defined so that tan βν = v1/v2. From (2) the charges for the other fields read
XuR = X2, XdR = XeR = −X2, XνR = X1. (20)
Since the PQ charges of uRi and dRi add to zero, the QCD anomaly cancels, and the Nambu-
Goldstone boson a cannot be QCD axion candidate in the model (2).
We can extend the model to make a an axion to solve the strong CP problem in two
ways. One method is to introduce a pair of heavy vector-like quarks ΨL,R which couples to
S and weighs PQ-breaking scale, where a becomes KSVZ-type axion [5, 6]. The other one
is by replacing Φ2 with a pair of Higgs doublet Φu,d, where Φu(d) couples to S and u(d)-type
quarks, making a DFSZ-type axion [7, 8]. The charge assignments for the two possible
scenarios are shown in Table II. In both scenarios the seesaw-like relation (11) and axion
decay constant in (22) and (35) share the PQ-breaking parameter vS in common, showing
the interplay between neutrino mass and axion. As a consequence, neutrino experiments
can constrain the parameter space of the axion model, and vice versa [20].
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A. KSVZ-type axion
In the KSVZ-type scenario we have Yukawa coupling for Ψ:
∆L = −yΨΨLSΨR + h.c. (21)
Then the PQ-charge of ΨR is fixed: XΨR = −XS = −1, assuming XΨL = 0. Independently
of the angle βν the axion mass is given by [21]
ma =
fpimpi
vPQ
√
mumd
mu +md
' 5.7µeV
(
1012 GeV
fa
)
, (22)
where in the last equality we identified the axion decay constant fa ≡ vPQ. The axion-photon
coupling is
Laγγ = −
[
6e2Ψ −
2(4 + z)
3(1 + z)
] a
vPQ
e2
32pi2
F µνF˜µν =
[
6e2Ψ − 1.92
] a
vPQ
αem
2pifa
E ·B. (23)
The aγγ-coupling is also independent of βν . The results (22) and (23) are in exact agreement
with those of the original KSVZ model [5, 6]. The difference comes in the couplings of the
axion to electron and neutrinos. In general the axion coupling to fermions is written as [22],
Laff = − Cf
2fa
∂µafγ
µγ5f. (24)
The tree level axion coupling to electrons (neutrinos) is Ce = sin
2 βν (Cν = cos
2 βν), while
they both vanish in the KSVZ model. However, the fact that βν ≪ 1 makes the Ce coupling
practically indistinguishable from that in the KSVZ model. The axion coupling to neutrinos
Cν ≈ 1 and in principle can be probed through experiments such as neutrino oscillation [23].
B. DFSZ-type axion
We can also extend the Higgs sector to introduce a QCD axion [7, 8]. We replace Φ2
with Φu and Φd, where Φu couples only to the up-type quarks and Φd couples only to the
down-type quarks. Their charge assignments are shown in Table II. The charged-leptons
can couple either to Φd (type-II) or to Φu (flipped). We assign the PQ-charge Xu (Xd) to
Φu (Φd). The PQ-charge of Φ1 is still X1. As in the original DFSZ model, we introduce
Φ†uΦdS
2 + h.c. (25)
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term to the Lagrangian. Now the µ-term in (3) can take the form of either
−µΦ†1ΦdS + h.c., (26)
or
−µΦ†1ΦuS + h.c., (27)
but not both1. The introduction of (25) and (26) (or (27)) does not spoil the smallness of
v1 in (11) and the naturalness arguments presented in Section II. The (25) gives a relation,
−Xu +Xd + 2XS = 0, (28)
where we will take the normalization XS = 1 as in the KSVZ scenario. From (26) ((27)) the
PQ-charges should satisfy
−X1 +Xd +XS = 0, (−X1 +Xu +XS = 0). (29)
The axion does not mix with the SM Z-boson, if
X1v
2
1 +Xdv
2
d +Xuv
2
u = 0, (30)
where 〈Φ0d(u)〉 = vd(u)/
√
2. Since
√
v2u + v
2
d + v
2
1 ≡ vew ' 246 GeV, vd(u) is at most at the
electroweak scale. If the kinetic term of the axion is canonically normalized, we get
X21v
2
1 +X
2
dv
2
d +X
2
uv
2
u +X
2
Sv
2
S = v
2
PQ. (31)
Now we can solve X1, Xd and Xu from (28), (29), and (30), setting XS = 1: for (26) we
get
X1 =
v2d − v2u
v2d + v
2
u + v
2
1
, Xd = − 2v
2
u + v
2
1
v2d + v
2
u + v
2
1
, Xu =
2v2d + v
2
1
v2d + v
2
u + v
2
1
, (32)
and for (27) we get
X1 =
3v2d + v
2
u
v2d + v
2
u + v
2
1
, Xd = − 2v
2
u + 3v
2
1
v2d + v
2
u + v
2
1
, Xu =
2v2d − v21
v2d + v
2
u + v
2
1
. (33)
Then the PQ-breaking scale vPQ can be determined by (31). Inserting (32) and (33), we get
v2PQ = v
2
S +
4v2dv
2
u + v
2
1(v
2
d + v
2
u)
v2d + v
2
u + v
2
1
, and v2PQ = v
2
S +
4v2dv
2
u + v
2
1(9v
2
d + v
2
u)
v2d + v
2
u + v
2
1
, (34)
1 If both terms are introduced into the Lagrangian simultaneously, the equality of qu, qd makes the QCD
anomaly cancel and a cannot play the role of axion.
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respectively.
We can identify the axion decay constant fa as
fa ≡ vPQ
2Ng
, (35)
where Ng = 3 is the number of generations. The axion mass is obtained to be
ma =
fpimpi
fa
√
mumd
mu +md
' 5.7µeV
(
1012 GeV
fa
)
. (36)
The axion-photon coupling reads
Laγγ =
[E
N
− 2
3
4 + z
1 + z
] a
vPQ
αem
2pifa
E ·B, (37)
where E/N = 8/3(2/3) for type-II (flipped) model.
The axion coupling constants to electrons and neutrinos are obtained to be
Ce =

2v2u+v
2
1
6(v2d+v
2
u+v
2
1)
' 1
3
sin2 β (type-II)
− 2v2d+v21
6(v2d+v
2
u+v
2
1)
' −1
3
cos2 β (flipped),
Cν = − v
2
d − v2u
6(v2d + v
2
u + v
2
1)
' −1
6
cos 2β, (38)
for the case of (26) and
Ce =

2v2u+3v
2
1
6(v2d+v
2
u+v
2
1)
' 1
3
sin2 β (type-II)
− 2v2d−v21
6(v2d+v
2
u+v
2
1)
' −1
3
cos2 β (flipped),
Cν = − 3v
2
d + v
2
u
6(v2d + v
2
u + v
2
1)
' −1
6
(2 + cos 2β), (39)
for the case of (27). In the last approximate equality we neglected small v1 and defined
tan β = vu/vd. The value Ce for type-II model agrees approximately with that of DFSZ
model.
IV. CONCLUSIONS
We proposed a model in which neutrino mass generation and axion are connected. This
shows that there may be a strong interplay among neutrino mass, strong CP puzzle, and
dark matter. In the model the Peccei-Quinn symmetry is broken by the VEV of a singlet
scalar field S. The PQ symmetry also forbids the mass term for the right-handed neutrinos.
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As a consequence the resulting neutrinos are Dirac type. The VEV v1, which gives the Dirac
neutrino mass by the relation mν = yνv1/
√
2, is ∼ O(1 eV), while the Yukawa coupling yν
can be of order one. The neutrino mass generation is depicted by the diagram in Figure 1.
We have shown that the small v1 and the large hierarchy v1  vew  vPQ are technically
natural by symmetry arguments.
The axion can be realized as either KSVZ-type or DFSZ-type. In both cases the smallness
of v1 compared with vew makes the phenomenology of the model almost indistinguishable
from the original KSVZ or DFSZ models. The axion coupling to neutrinos are new to our
model, and may be probed in the future neutrino oscillation or axion search experiments.
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